Extracellular signaling pathways and transcriptional regulatory networks function during development to specify metazoan cell fates. During Caenorhabditis elegans vulval development, the specification of three vulval precursor cells (VPCs) requires the activity of Wnt, Notch, and Ras signaling pathways, and function of the Hox gene lin-39. LIN-39 protein levels are regulated in the VPCs by both Wnt and Ras signaling. In particular, activation of Ras signaling leads to an increase in LIN-39 protein in P6.p at the time of VPC fate specification. We wish to understand the regulation of lin-39 by these pathways. We first show that LIN-39 is a target for MAP kinase in vitro, suggesting that the Ras-dependent LIN-39 upregulation could be mediated post-translationally. To test this idea, we created transcriptional and translational lin-39::GFP fusions that include the entire lin-39 genomic region, allowing observation of lin-39 expression in live animals. The reporters express GFP in most, if not all, sites of expression previously observed by LIN-39 antibody staining. We used these constructs to show that at the time of vulval induction both lin-39::GFP reporters are upregulated in P6.p, indicating that the accumulation of high levels of LIN-39 protein detected previously corresponds to transcriptional upregulation of lin-39 expression. This transcriptional upregulation of lin-39 is dependent on Ras signaling. We tested the requirement for several transcription factors acting downstream of Ras signaling in the VPCs, and found that P6.p upregulation requires the transcription factors LIN-1 and LIN-25, but appears to be independent of LIN-31, SEM-4, EOR-1 and EOR-2.Finally, we found that when the Wnt pathway is over activated, expression from the transcriptional lin-39::GFP increases, suggesting that the Wnt pathway also regulates lin-39 at the transcriptional level. q
Introduction
The complex process of body patterning requires the participation of intricate networks of gene products that function to direct the specification of a huge variety of cells during development (Davidson, 2001) . This coordinated task requires the temporal and spatial regulation of gene expression, achieved by the activity of a battery of gene products conserved in bilaterian phyla (Carroll et al., 2001 ). Key components of this battery include proteins acting in signal transduction pathways, general and specific transcription factors, and downstream target genes encoding products that direct cell division, differentiation, migration and morphogenesis.
Hox genes encode evolutionarily conserved homeodomaincontaining transcription factors, that have a major function in patterning of the metazoan anterior-posterior body axis (for review, see McGinnis and Krumlauf, 1992; Krumlauf, 1994; Kenyon et al., 1997; Mann and Morata, 2000) . Hox genes occupy a high hierarchical position in the developmental genetic regulatory network; mutations that affect the expression pattern of Hox genes, or disrupt the function of Hox proteins, result in homeotic transformations that induce major defects in body patterning. A conserved feature of Hox genes is that they are organized in genomic clusters, with a strong correlation between the position of Hox genes in the cluster and their temporal and spatial domain of expression (Lewis, 1978; Kmita and Duboule, 2003) . Due to their central role in regional identity and fate specification during metazoan development, the regulation of Hox gene expression and function has been intensively studied. Analyses in multiple species have shown that the control of Hox gene activity is Mechanisms of Development 123 (2006) Krumlauf, 1992; Kenyon et al., 1997; Gellon and McGinnis, 1998; Mann and Morata, 2000; Francis and Kingston, 2001; Ross and Zarkower, 2003; Zhang et al., 2003) . However, regulation at posttranslational levels also occurs, and involves physical interaction with Hox cofactors, Hox proteins or other regulators that modulate DNA binding or Hox protein activity (Kenyon et al., 1997; Mann and Affolter, 1998; Ch'ng and Kenyon, 1999; Mann and Morata, 2000; Alper and Kenyon, 2001; Mann and Carroll, 2002) . Caenorhabditis elegans has a single Hox cluster containing six genes (Kenyon et al., 1997; Van Auken et al., 2000) . The C. elegans Hox cluster differs from the Drosophila and vertebrates counterparts in that the genes are more dispersed, less strongly conserved, and show a violation of the colinearity rule (Aboobaker and Blaxter, 2003a; Aboobaker and Blaxter, 2003b) . Compared to Drosophila and the mouse, we are only beginning to understand how C. elegans Hox gene expression is regulated at the global or cell-specific level. C. elegans Hox genes have been shown to be regulated by Wnt and RTK/Ras signaling pathways, by C. elegans homologs of Polycomb and Trithorax group proteins, and by several other transcriptional regulators (Salser et al., 1993; Kenyon et al., 1997; Eisenmann et al., 1998; Jiang and Sternberg, 1998; Maloof and Kenyon, 1998; Ch'ng and Kenyon, 1999; Maloof et al., 1999; Chamberlin and Thomas, 2000; Alper and Kenyon, 2001; Chen and Han, 2001a; Zhang and Emmons, 2001; Streit et al., 2002; Ross and Zarkower, 2003; Toker et al., 2003; Zhang et al., 2003) . Recently, promoter analysis of several C. elegans Hox genes has been carried out, and cis-regulatory regions that regulate gene expression have been identified (Streit et al., 2002; Teng et al., 2004; Wagmaister et al. , submitted for publication. Elucidating in detail the mechanisms of Hox gene regulation in the nematode C. elegans will allow us to better understand the regulation of this important class of developmental transcription regulators during metazoan evolution, and allow us to gain further insight into their function in gene regulatory networks controlling pattern formation.
In this work, we study the transcriptional regulation of the Hox gene lin-39 during the development of the C. elegans vulva. Vulval development begins in the first larval stage when the twelve hypodermal blast cells, P1.p-P12.p, are born as the posterior daughters (Pn.p cells) of the ventral midline P cells (Sulston and Horvitz, 1977) . The central six Pn.p cells, P3.p-P8.p, become Vulval Precursor Cells (VPCs) (Sternberg and Horvitz, 1986) . During the L3 larval stage the action of four extracellular signaling pathways induces the VPCs to adopt distinct cell fates (reviewed in Greenwald, 1997; Sternberg, 2005 ). An inductive signal from the anchor cell in the somatic gonad activates an RTK/Ras signaling pathway in P6.p, causing it to adopt the 18 cell fate. P6.p then signals laterally to its neighboring cells, P5.p and P7.p, activating a Notch signaling pathway in these cells and inducing them to adopt the 28 cell fate. The three cells adopting the 1 and 28 fates divide to generate the 22 cells that form the vulval structure. The cells that do not receive the inductive or lateral signals (P3.p, P4.p and P8.p) adopt the 38 cell fate, which is to divide once and fuse with the synctytial hypodermis. Some evidence suggests that another signal, mediated by the synMuv class of genes, prevents cells from adopting the 1 and 28 fates, and that activation of the RTK/Ras and Notch pathways is necessary to overcome this effect (Fay and Han, 2000; Myers and Greenwald, 2005) . Finally, a Wnt signaling pathway also acts during vulval development to allow the VPCs to adopt the 18, 28 or 38 fates correctly and to prevent them from fusing with the surrounding hypodermis.
In addition to the extracellular signaling pathways, a number of transcription factors are known to be required for proper vulval induction. First, lin-1 and lin-31 encode ETSdomain and winged helix transcription factors respectively, that form a nuclear complex thought to repress vulval cell target genes (Miller et al., 1993; Beitel et al., 1995) . Activation of the Ras pathway in P6.p is proposed to trigger the phosphorylation and disruption of this complex freeing LIN-31 (and perhaps LIN-1) to positively regulate vulval target genes (Tan et al., 1998; Howard and Sundaram, 2002; Miley et al., 2004) . Second, sur-2 encodes a component of the Mediator complex, and lin-25 encodes a novel protein that functions with SUR-2 during vulval cell fate specification. Mutants of lin-25 and sur-2 show strong defects in VPC fate specification, and epistasis analysis showed that both LIN-25 and SUR-2 act downstream of LET-60 Ras and MPK-1 MAP Kinase (Singh and Han, 1995; Tuck and Greenwald, 1995; Nilsson et al., 1998) . Third, sem-4 encodes a spalt like zincfinger transcription factor expressed in the VPCs, that is required for proper lin-39 expression (Basson and Horvitz, 1996; Grant et al., 2000) . Finally, eor-1 encodes a PLZF zincfinger transcription factor and eor-2 encodes a novel protein that act redundantly during vulval cell fate specification downstream or in parallel to mpk-1 MAP Kinase, and which genetically interact with lin-1, sur-2 and lin-25 . Genetic analysis showed that eor-1 and eor-2 act at the convergence of the Wnt and Ras signaling pathways and are required to positively regulate the outcome of both.
The final transcription factor required for vulval induction is the Hox protein LIN-39. The Hox gene lin-39, a Sex combs reduced ortholog, is expressed in the midbody region, including the VPCs (Clark et al., 1993; Wang et al., 1993) , and acts twice during vulval development. lin-39 is first required to generate the VPCs. In lin-39 null mutants, the VPCs fuse with the hypodermis during the L1 stage, causing a Vulvaless (Vul) phenotype (Clark et al., 1993; Wang et al., 1993) . lin-39 is also required at the time of VPC fate specification to allow cells to adopt the 18, 28 and 38 cell fates correctly (Clandinin et al., 1997; Maloof and Kenyon, 1998) . At this later time, LIN-39 acts downstream of two extracellular signaling pathways. First, anti-LIN-39 antibody staining showed that at the time of vulval specification, LIN-39 protein levels rise in P6.p, and that this increase in protein level is dependent on activation of the Ras pathway . Second, mutation of the Wnt pathway component bar-1, which encodes a b-catenin homolog, reduces the level of LIN-39 protein in some VPCs and these cells adopt incorrect cell fates. Expression of LIN-39 under a heat shock promoter can partially rescue the bar-1 mutant phenotype (Eisenmann et al., 1998) . In addition, extra VPCs adopt vulval fates when the Wnt pathway is overactivated, and this phenotype is partially dependent on lin-39 (Gleason et al., 2002) . Therefore, lin-39 is a downstream target of Ras and Wnt signaling pathways in the VPCs. Finally, lin-39 expression or activity in the VPCs is regulated by other factors, including LIN-1 (Clandinin et al., 1997; Maloof and Kenyon, 1998) , SEM-4 (Grant et al., 2000) , LIN-39 itself , and class B SynMuv gene products (NuRD and Rb complexes) (Chen and Han, 2001a,b) .
We wish to understand the regulation of lin-39 by extracellular signaling pathways and other transcriptional regulators during vulval cell fate specification. In this work, we generated useful tools to study Hox gene expression in C. elegans by making transcriptional and translational lin-39::GFP fusions that include the entire lin-39 genomic sequence. These GFP reporters allowed us to examine lin-39 expression throughout development in live animals. We used these reporters to examine the regulation of lin-39 expression in the VPCs, particularly the upregulation of LIN-39 levels seen in P6.p during vulval induction. We found that the accumulation of high levels of LIN-39 in P6.p likely corresponds to transcriptional upregulation of lin-39 expression. This transcriptional upregulation requires Ras pathway activation, and is dependent on the activity of the transcription factors LIN-1 and LIN-25, but not LIN-31, SEM-4, EOR-1 or EOR-2. Therefore, although we show that LIN-39 can serve as a substrate for MAP kinase in vitro, the Ras pathway is likely to mediate LIN-39 upregulation in P6.p via transcriptional derepression of lin-39. We found that the Wnt pathway, but not the Notch pathway, is also likely to regulate lin-39 at the transcriptional level during cell fate specification in the VPCs.
Results

MAP kinase can phosphorylate LIN-39 in vitro
Previous work using antibody staining showed that LIN-39 protein levels increase in P6.p during vulval cell fate specification, and that LIN-39 upregulation depends on the Ras signaling pathway . MAP kinases act at the end of the Ras pathway where they phosphorylate transcription factors and other substrates (Treisman, 1996) . The higher levels of LIN-39 in P6.p could be due to the action of the MAP kinase MPK-1 on downstream transcription factors, such as LIN-1 and/or LIN-31 (Tan et al., 1998) leading to increased transcription of lin-39. Consistent with this transcriptional upregulation model, a mutation in lin-1 causes increases in LIN-39 protein in multiple VPCs . However, we previously suggested that LIN-39 itself could be a target of MAP kinase in the vulval cells (Eisenmann et al., 1998) . This suggests a second model, in which phosphorylation of LIN-39 by MPK-1 in P6.p could lead to an increase in LIN-39 levels by several possible mechanisms, such as by inhibiting protein degradation, or by initiating lin-39 transcriptional autoregulation. Consistent with this post-translational upregulation model, we found two sites for MAP kinase phosphorylation (SP, PMTP) and a single MAP kinase docking site (FRFP) (Jacobs et al., 1999; Sharrocks et al., 2000) in the LIN-39 amino acid sequence (Fig. 1A) . All three of these sites are conserved in LIN-39 from the closely related species Caenorhabditis briggsae and Caenorhabditis remanei (data not shown). A previous report also identified the carboxy terminal docking and phosphorylation sites in C. elegans LIN-39, and their lack of conservation in LIN-39 from the more-distantly related nematode species, Pristionchus pacificus, (Grandien and Sommer, 2001) . However, we note that the amino terminal SP site is conserved in P. pacifus LIN-39.
The presence of these conserved sites suggests that LIN-39 might be a target of the Ras pathway via MPK-1 phosphorylation. Indeed, we found that purified C. elegans LIN-39 is phosphorylated in vitro by the activated mammalian MAP kinase Erk2 (Fig. 1B) . We tested the requirement of each site for in vitro Erk2 phosphorylation by making mutant proteins and assessing their phosphorylation level relative to wild type LIN-39. When either phosphorylation site was mutated, residual phosphorylation was still seen. This indicates that both the amino terminal and carboxy terminal phosphorylation sites can be utilized in vitro, although the protein with only the strong site (LIN-39m1) was a better substrate than the protein with only the weak site (LIN-39m2). Mutation of both phosphorylation sites (LIN-39m1m2), or of the docking site alone (LIN-39m3), reduced phosphorylation by Erk2 to less than 10% of that with the wild type protein (Fig. 1B) . Therefore, these in vitro results suggest that the Ras pathway might utilize a post-translational mechanism to upregulate LIN-39 levels in P6.p at the time of vulval induction.
Transcriptional and translational lin-39::GFP fusions recapitulate endogenous LIN-39 expression
Previous in vivo results suggested that LIN-39 upregulation in response to Ras signaling might be effected by changes in transcription, whereas our in vitro phosphorylation data are consistent with a post-translational mechanism. Since the original work relied on antibody staining, it cannot demonstrate a direct transcriptional effect on lin-39, or rule out a posttranslational mechanism of upregulation. Therefore, to distinguish between possible mechanisms of upregulation, we created lin-39::GFP transcriptional and translational reporters to allow us to follow lin-39 expression during development and investigate the manner by which Ras signaling acts to increase LIN-39 levels during vulval cell fate specification.
Prior analysis of LIN-39 expression and regulation during development used a lin-39::lacZ reporter containing part of the lin-39 promoter (Wang et al., 1993) . However, this lin-39::lacZ construct does not express robustly in the Pn.p cells, requiring the use of antibody staining to detect lacZ expression in the vulva (Wang et al., 1993; Grant et al., 2000; Chen and Han, 2001a) . Using this reporter, it was shown that lin-39 is expressed in embryos, larvae and adults in the central body region, including the P, Q and M cell lineages. Subsequently, a rescuing lin-39::lacZ reporter was created that contains a lin-39 cDNA inserted into the entire lin-39 genomic region, however the morphology of the larvae processed for b-galactosidase staining with this construct precluded precise determination of which cells were expressing lacZ (Grandien and Sommer, 2001) . We, therefore, constructed transcriptional and translational lin-39::GFP fusions using homologous recombination in yeast to insert GFP coding sequence into a YAC containing approximately 250 kb of C. elegans DNA, including the entire lin-39 genomic region (Fig. 2 ). These GFP reporters should allow us to follow the dynamic lin-39::GFP expression pattern in live animals throughout development.
We generated strains containing the translational and the transcriptional lin-39::GFP reporters integrated into the genome; deIs1 and deIs4 respectively. To determine if the translational LIN-39::GFP fusion is functional, we introduced it into animals carrying lin-39(n1880), a presumed null mutation in lin-39 (Clark et al., 1993) . In lin-39(n1880) animals carrying the translational lin-39::GFP fusion on an extrachromosomal array, the penetrance of Vulvaless phenotype dropped from 100 to 12%, and the percentage of animals showing a wild type vulva increased from 0 to 37%, indicating that translational lin-39::GFP makes a functional LIN-39::GFP fusion protein (Table 1) .
We examined GFP expression patterns in deIs1, deIs4 and smg-1; deIs4 live animals during development (see Section 4). GFP expression from deIs1 and deIs4 recapitulates the expression pattern of lin-39 detected by antibody staining and lin-39::lacZ expression (Clark et al., 1993; Wang et al., 1993; Maloof and Kenyon, 1998) . In general, the GFP expression from deIs1 was similar to that of deIs4, so we report here the patterns from smg-1; deIs4 and deIs4 animals. We were able to detect GFP expression in the P cells, VPCs, ventral cord neurons (VCNs), sex myoblasts and their descendants, and a head neuron shown to expresses lin-39 ( Fig. 3 and data not shown). We first detected GFP expression early in the embryo in cells likely to be P5-P8 (Fig. 3B ). This expression continued during embryogenesis and after hatching until the division of the P cells in the L1 stage (Fig. 3D) . Curiously, we detected GFP expression in P3/4 only when deIs4 was moved into a smg-1 mutant, in which nonsensemediated RNA decay is compromised (Pulak and Anderson, 1993) , suggesting that either there is less transcription of lin-39 :GFP fusions were made using homologous recombination in yeast to insert GFP coding sequences into a YAC of approximately 250 kb containing the entire lin-39 genomic sequence. In the translational fusion, the GFP coding sequence was fused in frame with the lin-39 coding sequence immediately before the lin-39 stop codon; a nuclear-localized, rescuing LIN-39::GFP protein is produced. In the transcriptional fusion, GFP was inserted after the lin-39 ATG and two stop codons were engineered at the end of the GFP sequence; a cytoplasmically-localized GFP protein is made. This construct is sensitive to SMG-1 nonsense-mediated decay (see text). Table 1 Translational lin-39::GFP partially rescues a lin-39 null in P3 and P4 (and their descendants), or more nonsensemediated decay of the transcript from deIs4 in those cells. Once the P cells divided, we observed GFP expression in 50% of P3.p cells, 70% of P4.p cells, and 100% of P5.p-P8.p cells in smg-1; deIs4 (nO30) with similar levels of expression in P5.p-P8.p (Fig. 3F ). Other lin-39 reporters also show this lower level of expression in P3.p and P4.p (Chen and Han, 2001a (Fig. 3H ). When the induced VPCs (P5.p-P7.p) start dividing, GFP expression remained in their daughters, with higher levels of GFP in P6.p descendants and lower levels in P5.p and P7.p descendants, even after the second and third divisions (Fig. 3L ). In addition, increased GFP expression was seen during the late L3 stage in P5.paax and P7.pppx, the cells that fuse to form the VulA vulval cell, and this pattern remained until the late L4 stage (Fig. 3N ). During vulval morphogenesis in the L4 stage, GFP was maintained in the 22 cells that form the vulval invagination only in the smg-1 background (Fig. 3N) . Around the mid L3 stage, GFP expression was also seen in two sex myoblasts located in the mid body region. Expression was highly penetrant and persisted in the sex myoblast descendants as they divided ( Fig. 3H-P) . GFP expression in these cells faded in the L4 stage and was not seen in differentiated vulval or uterine muscles. After the P cells divided in the L1, we began to observe GFP expression in a subset of ventral cord neurons (VCNs). Expression in some neurons along the ventral cord persisted during the L2 stage, became more penetrant in the L3 stage, and remained throughout development even in the adult (Fig. 3R) . Expression was also seen in a neuron in the head (data not shown), which was reported previously (Wang et al., 1993) . We did not examine GFP expression in the Q lineage, or in males.
Transcriptional upregulation of lin-39 at the time of vulval induction
To study the mechanisms of LIN-39 upregulation during vulval cell fate specification, we characterized the GFP expression pattern from deIs1 and deIs4 before and after the time when the inductive signal is believed to be active. We examined P5.p-P8.p in live animals (nO50) and assigned three values to the GFP expression observed: 0 (no expression), 1 (low level expression) or 2 (higher level expression) (Fig. 4) . We then compared the average GFP expression level in P5.p-P8.p at times before and after vulval induction to look for statistically significant differences. Before vulval induction in deIs4 animals, GFP levels were similar in P6.p, P7.p and P8.p, and slightly lower in P5.p. After the time of inductive signaling we found that GFP expression increased significantly in P6.p (P! 0.01), but remained the same or was reduced in the other VPCs (Fig. 4A) . In deIs1 animals, GFP expression was higher in P6.p than the other VPCs before vulval induction, but after vulval induction GFP levels also rose significantly in P6.p (P!0.01; Fig. 4B ). Since GFP levels in P6.p increased in a significant manner from both transcriptional and translational reporters, we conclude that upregulation of lin-39 in P6.p at the time of vulval induction is likely to be at the transcriptional level.
lin-39 transcriptional upregulation is dependent on Ras signaling
The accumulation of high levels of LIN-39 protein in P6.p during vulval induction depends on Ras signaling . If the increase in GFP transcription from deIs4 is due to Ras pathway activation, then it should be affected by mutations that alter Ras signaling in the VPCs. Therefore, we introduced deIs1 and deIs4 into a strain containing let-23(sy1), a loss-of-function mutation for the LET-23 receptor tyrosine kinase that compromises Ras signaling in the VPCs (Aroian and Sternberg, 1991) . We analyzed the levels of GFP expression in P5.p-P8.p before and after vulval induction in let-23(sy1); deIs4 and let-23(sy1); deIs1 animals and observed no significant (P!0.01) upregulation in P6.p after vulval induction (Figs. 5B and 6B and data not shown). Therefore, the transcriptional upregulation of lin-39 in P6.p is dependent on Ras signaling. We also introduced deIs1 and deIs4 into a let-60 Ras gain-of-function mutant, n1700, where Ras signaling is constitutively activated (Beitel et al., 1990) . In let-60(n1700); deIs4 and let-60(n1700); deIs1 animals we found that before vulval induction GFP levels in P5.p-P8.p were similar to the control strain, but after vulval induction the level of GFP increased in all the VPCs examined (Figs. 5C,F and 6C and data not shown). Together, these results indicate that the Ras signaling pathway is likely to upregulate lin-39 at the transcriptional level during vulval cell fate specification.
The Wnt pathway effects lin-39 at the transcriptional level in the VPCs
A canonical Wnt pathway acts during vulval development to prevent the fusion of the VPCs and to allow them to adopt correct vulval fates in response to inductive signaling, and genetic analysis has placed lin-39 downstream of this Wnt pathway (Eisenmann et al., 1998; Gleason et al., 2002) . To analyze the regulation of lin-39 by the Wnt pathway we moved . GFP expression in each VPC was assigned a numerical value of 0 (no expression), 1 (low expression), or 2 (high expression). Bars represent the average GFP expression for each VPC and lines represent the standard error. nZ55 for deIs1 and nZ60 for deIs4. P values are derived from a c 2 test comparing frequencies in a contingency table analysis. * indicates P-value !0.01. deIs1 and deIs4 into several Wnt loss-of-function mutant backgrounds. We first analyzed the expression pattern of lin-39::GFP in bar-1(ga80) and mig-14(ga62) mutants where Wnt signaling is compromised (Eisenmann et al., 1998; Eisenmann and Kim, 2000) . In these mutants, we found that GFP levels were upregulated in P6.p, as in wild type animals (data not shown). This is consistent with the phenotypes of bar-1(ga80) and mig-14(ga62), which show a highly penetrant Fused fate phenotype for P3.p and P4.p, but a weaker phenotype for the remaining VPCs where lin-39::GFP expression is robust.
The Wnt signal acting on the VPCs is a redundant signal that is strongly compromised in a cwn-1; egl-20 double Wnt mutant background (Gleason et al., unpublished results) . We moved deIs4 into a cwn-1(ok546); egl-20(n585) background and found that the level of GFP expression is lower than in wildtype for each VPC before induction, suggesting a decrease in lin-39 transcription when Wnt signaling is compromised (Fig. 7B) . In this background, only 13% of P5.p and 42% of P6.p cells express GFP before induction, compared with 78 and 98% respectively, in a wild-type background (data not shown). However, the GFP protein made from deIs4 is cytoplasmically localized and fades after a VPC adopts the F fate and fuses with the hyp7 syncytium, so the low levels of GFP expression seen in this strain could also be due to VPCs adopting the Fused fate in this background. Therefore, we analyzed GFP expression in the VPCs of cwn-1(ok546); egl-20(n585) mutants earlier in the L2 stage at a time before the cells begin to fuse (19 h posthatching). We found that in the deIs4 strain at this time, all P5.p and P6.p cells are unfused and only 6% of P5.p and 0% of P6.p cells show no GFP expression (nZ30). However, in cwn-1(ok546); egl-20(n585) animals, 20% of unfused P5.p cells, and 13% of unfused P6.p cells lack GFP expression (nZ64). Although this is a weak effect, it is significant (P!0.01), and suggests that a reduction in Wnt signaling in the VPCs leads to a decrease in GFP expression from the transcriptional lin-39::GFP reporter. We observed upregulation of GFP expression in P6.p in the cwn-1(ok546); egl-20(n585) background (Fig. 7B) , suggesting the Ras pathway can still upregulate lin-39 expression in a Wnt mutant background.
In the canonical Wnt pathway, Axin acts negatively as a component of a protein complex that targets b-catenin for degradation (Logan and Nusse, 2004) . In C. elegans, pry-1 Axin mutants show an overinduced vulval phenotype, consistent with the ectopic activation of the Wnt pathway, and this phenotype is partially dependent on lin-39 activity (Gleason et al., 2002) . We introduced deIs1 and deIs4 into pry-1(mu38) mutants to determine if the overactivation of the Wnt pathway in the vulva has an impact on the transcriptional regulation of lin-39. Our results show that for both pry-1(mu38); deIs4 (P!0.01) and pry-1(mu38); deIs1 (P!0.05) lin-39::GFP is upregulated in P6.p, but also in P8.p, (Fig. 7C  and data not shown) . To test if the accumulation of high levels of lin-39::GFP in P8.p is due to excessive Wnt signaling we moved deIs4 into a pry-1(mu38); bar-1(ga80) mutant background in which Wnt signaling is compromised downstream of pry-1/Axin, and saw that the levels of lin-39::GFP in P8.p remain the same before and after vulval induction (Fig. 7D) . Consistent with these results, when Wnt signaling is globally activated in a deIs4 background using a heat shock-inducible, activated BAR-1 protein (Gleason et al., 2002) , GFP expression increases by 24 fold at 0.5 h after heat shock, and ninefold 1.0 h after heat shock, compared to a heat-shocked deIs4 control strain, as assayed by qRT-PCR (B.M. Jackson and D.M. Eisenmann, unpublished results).
Taken together, these results indicate that reducing Wnt signaling leads to lower levels of lin-39 in some VPCs before the time of vulval induction, and overactivation of the Wnt pathway leads to an increase in transcription from the lin-39 promoter in at least one VPC after vulval induction. These data suggest that the Wnt pathway regulates lin-39 at the transcriptional level.
lin-39 is not upregulated in cells adopting the 28 fate
During vulval induction, the 28 fate is induced when a lateral signal from P6.p composed of redundant DSL proteins acts on the LIN-12/Notch receptor in P5.p and P7.p to activate a Notch pathway (Chen and Greenwald, 2004) . To investigate if lin-39 is upregulated in VPCs where the Notch pathway is active, we introduced deIs1 and deIs4 into lin-12 (n137n460ts) gain-offunction mutants where all the VPCs adopt the 28 fate at 15 8C (Greenwald et al., 1983; Sternberg and Horvitz, 1989) . Following GFP expression before and after vulval induction, we found that GFP levels remained the same in all the VPCs, showing that upregulation of lin-39 does not occur in lin-12(n137n460ts) animals ( Fig. 8 and data not shown) . This result suggests that lin-39 upregulation does not occur in cells adopting the 28 fate.
2.7. Role of vulval cell transcription factors in lin-39 upregulation in P6.p Genetic and molecular evidence indicates that multiple transcription factors act during vulval induction, and we tested several of these for a role in lin-39 upregulation. lin-1 and lin-31 encode Ets and winged helix domain transcription factors respectively, which function downstream of Ras signaling during vulval development (Miller et al., 1993; Beitel et al., 1995) . Using LIN-39 antibody staining, Maloof and Kenyon (1998) showed that LIN-39 protein levels increased in all VPCs in lin-1(e1026) mutants. To assess the mechanism of lin-39 upregulation in lin-1 loss-of-function mutants, we analyzed lin-1(e1777); deIs1 and lin-1(e1777); deIs4 strains, and found that in a lin-1(e1777) mutant background, the GFP levels increased significantly in P5.p-P8.p after vulval induction for the transcriptional fusion (Fig. 9B ). This effect was also observed for deIs1 (Fig. 5D and data not shown). Our result is consistent with the antibody staining data and suggests that LIN-1 acts on lin-39 at the transcriptional level, most likely by repressing lin-39 directly (Wagmaister et al., submitted for publication).
Since LIN-31 functions downstream of Ras and is believed to function as a transcriptional activator, we speculated that LIN-31 might be the Ras effector mediating lin-39 upregulation in P6.p. We introduced deIs1 and deIs4 into a lin-31(n1053) null mutant background and analyzed GFP expression. Surprisingly, we found that GFP expression increased in P6.p from both reporters after vulval induction in lin-31(n1053) animals ( Fig. 9C and data not shown) . This result is consistent with lineage analysis of lin-31 loss-offunction mutants where P6.p was shown to adopt the 18 fate in most of the animals analyzed (Miller et al., 1993) . Taken together, these results indicate that lin-31 is not essential for either Ras-dependent lin-39 transcriptional upregulation in P6.p or for specification of the 18 fate.
lin-25 encodes a novel transcription factor that functions with the Mediator complex downstream of mpk-1 MAP Kinase during vulval induction Nilsson et al., 1998) . The strong vulval phenotype observed in lin-25 mutants, together with the genetic position of lin-25 in the pathway, suggest it may regulate the expression of lin-39 in P6.p. However, previous results reported that LIN-39 protein levels were not affected in lin-25(e1446) mutants (Nilsson et al., 1998) . We examined the expression pattern of the transcriptional lin-39::GFP in a lin-25(e1446) mutant background, and found that in lin-25(e1446) mutants GFP levels were similar to wild type in each VPC before the time of inductive signaling, but were only weakly upregulated in P6.p after vulval induction, and the upregulation was not statistically significant (Fig. 9D) . Therefore, LIN-25 is likely to act downstream of the Ras pathway in the transcriptional upregulation of lin-39 in P6.p.
sem-4 encodes a spalt-like zinc finger transcription factor (Basson and Horvitz, 1996) expressed in the VPCs that is required for proper vulval induction, and which regulates Hox gene lin-39 expression (Grant et al., 2000) . We introduced deIs4 into a sem-4(ga82) mutant background and found that GFP levels were similar to wild type before induction, and that GFP expression was still upregulated in P6.p after vulval induction, although the upregulation was not as strong as in wild-type (significant at P!0.05 but not at P!0.01) (Fig. 9E) . This result suggests that sem-4 is not likely to play a major role in the transcriptional upregulation of lin-39 in P6.p.
Finally, we examined deIs4 upregulation in P6.p in an eor-1(cs28); eor-2(cs42) double mutant strain. eor-1 encodes a PLZF zinc-finger transcription factor and eor-2 encodes a novel protein that act redundantly during vulval cell fate specification downstream or in parallel to Ras and Wnt signaling ). When we introduced deIs4 into an eor-1; eor-2 double mutant background, we saw a GFP expression pattern in the VPCs that was indistinguishable from wild type both before and after the time of inductive signaling (data not shown), suggesting the eor genes may not function in lin-39 upregulation. (Greenwald et al., 1983) . GFP expression in P5.p-P8.p was scored before vulval induction (light; 44 h post-hatching; nZ31) and after vulval induction (dark; 48 h post-hatching; nZ23).
Discussion
Expression of the C. elegans homeodomain protein LIN-39 is regulated by several signaling pathways (Eisenmann et al., 1998; Maloof and Kenyon, 1998) , transcription factors (Grant et al., 2000) and regulators of transcription during vulval development (Ch'ng and Chen and Han, 2001a) . With regard to extracellular signaling pathways, previous analysis using LIN-39 antibody staining showed that levels of the homeodomain protein LIN-39 increase in the vulval precursor cell P6.p at the time of vulval induction, and this protein upregulation requires activity of the Ras pathway . In addition, lin-39 is coordinately regulated by the Wnt and Ras pathways in the VPCs before vulval induction (Eisenmann et al., 1998) . However, the mechanisms involved in lin-39 regulation in these cases were not clear because the antibody staining could not distinguish between transcriptional and post-transcriptional regulation. Here we describe lin-39::GFP transcriptional and translational reporter constructs that are excellent tools for studying lin-39 gene expression during development. We show that these reporters express GFP in most or all of the cells and tissues previously reported to express LIN-39 by lin-39::lacZ reporter or antibody staining studies and this expression can be observed in live animals.
We used these new lin-39::GFP reporters to examine the role of several signaling pathways and transcription factors in the increase in LIN-39 levels observed in P6.p at the time of vulval inductive signaling. First, with regard to the Ras signaling pathway, we showed that activated mammalian MAP Kinase can phosphorylate LIN-39 in vitro on two prolinedirected phosphorylation sites, suggesting that the effect of the Ras pathway on LIN-39 levels in P6.p could involve posttranslational regulation. However, by examining expression from the GFP reporters in the VPCs in live animals, we found that both transcriptional and translational lin-39::GFP levels increased in P6.p at the time of vulval induction, indicating that the increase in LIN-39 levels in P6.p is most likely due to an increase in transcription of the lin-39 gene. This transcriptional upregulation requires activity of the Ras pathway and the Mediator associated factor LIN-25, and may act via loss of repression by the Ets domain factor LIN-1. Upregulation occurred independently of the transcription factors LIN-31, SEM-4, EOR-1 and EOR-2. Second, significant transcriptional upregulation was not seen in cells which activate the Notch pathway and adopt the 28 fate. Although we may not have been able to observe transient upregulation in these cells, our results suggest that lin-39 may not be a downstream target of the Notch pathway in the VPCs. Finally, we provide evidence that the Wnt pathway is also likely to regulate lin-39 expression at the transcriptional level at the time of inductive signaling. Therefore, although we cannot rule out effects on lin-39 transcript stability (since both reporters express lin-39 coding sequences), we believe lin-39 is likely to be a transcriptional target of both the Wnt and Ras pathway in the VPCs. Several points from this analysis are worth further comment.
Regulation of lin-39 by trans-acting factors in the VPCs
We found that in lin-1(e1777) loss-of-function mutants, the levels of GFP from the transcriptional reporter increased significantly in P5.p-P8.p after vulval induction. Therefore, this result suggests that LIN-1 Ets negatively regulates lin-39 at the transcriptional level. A similar conclusion was reached previously based on the increase in LIN-39 protein levels seen in all six VPCs in a lin-1 mutant . Consistent with this conclusion, we have recently identified a lin-39 genomic region sufficient to mediate upregulation in P6.p during vulval induction, which is responsive to Ras signaling and LIN-1 in vivo, and which contains multiple Ets consensus sites bound by LIN-1 in vitro (Wagmaister et al., submitted for publication). Although it has been suggested that LIN-1 may act positively when phosphorylated in response to Ras signaling Miley et al., 2004) , our results support the model based on protein expression studies , that LIN-1 represses lin-39 directly before inductive signaling, and that lin-39 upregulation in P6.p may be effected partly by transcriptional derepression when the Ras pathway inactivates LIN-1.
It has been proposed that activation of Ras signaling converts LIN-31 from a factor that interacts with LIN-1 to repress transcription into a LIN-1-independent activator (Tan et al., 1998) . Therefore, we were surprised to find that lin-39 transcriptional upregulation in P6.p is independent of lin-31. Previously, lineage analysis of the VPCs showed that P6.p is able to adopt the 18 fate in lin-31 loss-of-function mutants (Miller et al., 1993) . lin-31 is also not required downstream of the Ras pathway in the patterning of the 18 lineage later in development (Wang and Sternberg, 2000) . Therefore, either lin-31 does not play a central role in these processes, or lin-31 functions redundantly with other transcriptional regulators in LIN-39 upregulation and the specification of the 18 fate. In support of the latter view, we found that expression from the Ras responsive lin-39 promoter fragment mentioned above is abrogated in lin-31 null mutants, and that LIN-31 protein can bind multiple regions in this fragment in vitro (Wagmaister et al., submitted for publication). Therefore, despite the result shown here with the full transcriptional GFP reporter, we believe it is possible that LIN-31 does function in the transcriptional upregulation of lin-39 in P6.p at the time of vulval cell fate specification, but does so in a functionally redundant manner.
We also found that lin-25 is necessary for lin-39 transcriptional upregulation in P6.p. lin-25 encodes a novel transcription factor that was shown to interact with SUR-2, a component of the metazoan Mediator complex (Singh and Han, 1995; Tuck and Greenwald, 1995) . The role of the Mediator complex is to serve as a nexus between the basal transcription complex and the activity of the gene specific transcription factors (Malik and Roeder, 2000) . In addition, the Mediator complex in C. elegans has been shown to act during vulval development (Kwon and Lee, 2001 ). Therefore, LIN-25 and the Mediator complex likely act to directly facilitate lin-39 upregulation following Ras pathway activation.
The zinc-finger transcription factor SEM-4 is expressed in the VPCs starting in the L2 stage, with highest levels in P7.p (Grant et al., 2000) . sem-4 mutants show defects in vulval induction, particularly at P5.p and P7.p (Eisenmann and Kim, 2000; Grant et al., 2000) . Double mutants carrying sem-4 and Wnt pathway mutations are Vulvaless, suggesting sem-4 may act in parallel to that pathway to regulate lin-39 before vulval induction (Eisenmann and Kim, 2000) . Grant et al. (2000) examined expression of LIN-39 and lin-39::lacZ in sem-4 mutants, and found a reduction in expression in L3 and L4 stage animals compared to wild type. In addition, they found that ectopic expression of lin-39 could partially rescue sem-4 mutant vulval defects, suggesting lin-39 is a transcriptional target of SEM-4. Here, we found that transcriptional lin-39 upregulation in P6.p is only weakly dependent on sem-4 (the difference in GFP levels before and after vulval induction were not significant at P!0.01). This is consistent with the phenotype of sem-4 mutants that show defects mainly in P5.p and P7.p, whereas P6.p always adopts the 18 fate (Eisenmann and Kim, 2000; Grant et al., 2000) . However, we did not notice a significant difference in GFP expression in any of the VPCs before vulval induction in the sem-4 mutant strain. We do not know why we obtained a different result with the lin-39::GFP transcriptional reporter than observed by Grant et al. (2000) , although our reporter construct does have additional sequences not present in the reagent they utilized. Therefore, although the bulk of the genetic and molecular evidence (Eisenmann and Kim, 2000; Grant et al., 2000) , combined with the fact that SEM-4 regulates other C. elegans Hox genes (Toker et al., 2003) , suggests that SEM-4 may play a role in the transcriptional regulation of lin-39 in the VPCs before induction, or data here indicates that SEM-4 is not absolutely required for lin-39 upregulation in P6.p.
Finally, it is worth noting that we observed an effect of the SynMuv pathway on lin-39 upregulation. In a lin-15AB mutant background, both the translational and transcriptional lin-39::GFP reporters showed increased levels of expression in most VPCs after vulval induction (data not shown). A similar effect of synMuv mutations on lin-39 reporter expression has been reported previously (Chen and Han, 2001a) .
Model for lin-39 regulation in the VPCs
A number of previous results, along with our current data, inform a model for the regulation of lin-39 expression in the VPCs (Fig. 10) . lin-39 expression begins in a subset of P cells and is maintained in their progeny, including the Pn.p cells. It is not known what factors initiate lin-39 expression, but we have recently isolated a lin-39 promoter fragment that drives expression in the P cells in the embryo (Wagmaister et al., submitted for publication). LIN-39 activity before inductive signaling is required to keep the VPCs from adopting the Fused fate (Fig. 10A) . This is likely to occur through negative regulation of eff-1 (Shemer and Podbilewicz, 2002) , perhaps mediated via egl-18, a known target of LIN-39 in the VPCs (Koh et al., 2002; Cassata et al., 2005) . At this time, we and others have seen that lin-39 reporter constructs show less expression in P3.p and P4.p than the other VPCs (Grant et al., 2000; Chen and Han, 2001a) . P3.p adopts the Fused fate in the L2 in w50% of wild type animals, and P3.p and P4.p are the cells most strongly affected by reduction of Wnt pathway function in the VPCs (Eisenmann et al., 1998; Eisenmann and Kim, 2000) . Only when both Wnt and Ras signaling (Eisenmann et al., 1998) , or Wnt signaling and sem-4 (Eisenmann and Kim, 2000) are compromised, do all six VPCs show strong defects in cell fate specification. Taken together with our current results, these data suggest that in the L2 stage before inductive signaling occurs, lin-39 transcription in the VPCs is maintained by multiple inputs (Fig. 10A) . The first is basal activity of the Ras pathway, which we propose acts positively on lin-39 in all six VPCs, since reduction of both Wnt and Ras signaling can cause all six cells to adopt the Fused fate (Eisenmann and Kim, 2000) . The molecular nature of this proposed regulation is unknown. The second is Wnt pathway activity acting positively on lin-39 in all six VPCs. We do not yet know if this activity is equal in all six cells, as several Wnt ligands acting on the VPCs are expressed more strongly in the posterior (Gleason et al., unpublished results; T. Myers and I. Greenwald; personal communication) , which could explain the susceptibility of P3.p and P4.p to reduction in Wnt signaling (Eisenmann et al., 1998; Eisenmann and Kim, 2000) . The third is SEM-4 function, which, based on the sem-4::GFP expression data, is weaker in the anterior VPCs than the posterior VPCs, and highest in P7.p (Grant et al., 2000) . The fourth input is the activity of the synMuv gene products, which have both positive and negative effects on lin-39 expression (Chen and Han, 2001a) . The fifth is LIN-1, which negatively regulates lin-39 in cells in which the Ras pathway is not activated. This regulation is likely to be direct, since we have found LIN-1 binding sites in the lin-39 promoter (Wagmaister et al., submitted) . These combined inputs (Fig. 10A ) may lead to a graded expression of lin-39, with lower levels in the anterior VPCs. When any one of the positive inputs is removed, lin-39 expression is buffered, so that most VPCs do not adopt the Fused fate. However, for the anterior VPCs P3.p and P4.p, loss of Wnt signaling may drop LIN-39 levels below a threshold, causing those cells to adopt the Fused fate (Eisenmann et al., 1998) . Removal of any two inputs, as in let-23(sy1); bar-1(ga80), sem-4(ga82); bar-1(ga80), or sem-4(ga82); let-23(sy1) mutants, is predicted to drop LIN-39 levels below the threshold in most or all cells causing a Vulvaless phenotype (Eisenmann et al., 1998; Eisenmann and Kim, 2000; D. M. Eisenmann, unpublished results) . Conversely, loss of negative inputs, such as the synMuv genes, can increase the expression of lin-39 in the VPCs, and the choice of Fused versus 38 fate for P3.p (Chen and Han, 2001a) .
Upon receipt of the inductive signal in P6.p, lin-39 transcription is increased. This occurs by relief of negative repression by LIN-1, but may also involve positive activation by other transcription factors, as suggested by the requirement for LIN-25 (Fig. 10B) . What might be the role of this LIN-39 upregulation? LIN-39 activity in the VPCs at this time functions to allow VPC division and differentiation, as well as to prevent cell fusion, (Shemer and Podbilewicz, 2002) . It is possible that at higher levels, LIN-39 can regulate the transcription of target genes with lower affinity binding sites, such that they are expressed differentially in P6.p versus the other VPCs. Candidates for such genes include the Notch pathway ligands apx-1, dsl-1 and lag-2 (Chen and Greenwald, 2004) , the microRNA mir-84 (Johnson et al., 2005) , the tyrosine phosphatase dep-1 (Berset et al., 2005) , or factors involved in LIN-12 endocytosis (Shaye and Greenwald, 2002) . However, although LIN-39 activity is necessary for proper VPC development, it does not appear to be sufficient. Activation of either the Wnt pathway or the Ras pathway can drive VPCs to adopt induced fates that would not normally do so (see Sternberg, 2005) , but overexpression of either LIN-39 or LIN-39 and CEH-20 does not Wagmaister et al., submitted for publication) . This suggests that multiple inputs, including LIN-39, may control vulval cell fate specification (Fig. 10B) . Therefore, while it is clear that LIN-39 activity is required in P6.p after inductive signaling, and a change in LIN-39 levels could lead to differential gene expression in the VPCs, it is not yet clear that the increased (Koh et al., 2002) . EGL-18 and ELT-6 may act to repress expression of the fusogenic gene eff-1 (Shemer and Podbilewicz, 2002; Cassata et al., 2005) . ( level of LIN-39 is necessary for functional consequences in P6.p.
Is LIN-39 a target of MAP Kinase?
We previously observed that the LIN-39 primary sequence contains consensus docking and phosphorylation sites for MAP kinase, suggesting that LIN-39 may be a target for the MAP kinase MPK-1 in the VPCs (Eisenmann et al., 1998) . We began this analysis because of our observation that LIN-39 is a target for phosphorylation by the mammalian MAP kinase Erk2 in vitro (Fig. 1 ). Although our current results indicate that upregulation of LIN-39 in P6.p by the Ras pathway is a transcriptional effect requiring LIN-1 and LIN-25, it does not rule out that LIN-39 might be a target for MAP kinase in the VPCs or other cells. Previously, Grandien and Sommer (2001) showed that the C. elegans LIN-39 MAP kinase docking and phosphorylation sites at the carboxy terminus are not conserved in LIN-39 from the related nematode Pristionchus pacificus. They found that either P. pacificus LIN-39, or a C. elegans LIN-39 with a deletion removing the phosphorylation and docking sites, can rescue a C. elegans lin-39 null mutant for egg-laying, suggesting that phosphorylation of LIN-39 was not required for LIN-39 vulval function in vivo. They also found that in vitro translated LIN-39 protein was not phosphorylated by activated mammalian Erk2. However, we show here that LIN-39 is phosphorylated in vitro by Erk2. It is possible that the difference between these results lies in our use of purified LIN-39 protein, compared to the in vitro translated protein they assayed. In addition, we observed that LIN-39 has a second MAP kinase phosphorylation site in the amino terminus that is utilized in vitro by Erk2, even in the absence of the stronger carboxy terminal site. Interestingly, this amino terminal site is conserved in P. pacificus LIN-39. Therefore, a weak phosphorylation site remained in the P. pacificus and C. elegans proteins that were able to rescue the egg-laying defects of the lin-39 null mutant animals. However, as we found that a LIN-39 protein with a mutated MAP kinase docking site is only weakly phosphorylated in vitro, and Grandien and Sommer (2001) showed that LIN-39 with the docking site deleted can rescue the egg-laying defect of lin-39 mutants, we consider it likely that phosphorylation of LIN-39 is not absolutely required for LIN-39 function during vulval induction. However, whether LIN-39 is phosphorylated in vivo, and whether this phosphorylation is required for LIN-39 function in some process other than vulval development, remain questions for further analysis.
Methods
Genetic methods and alleles
Methods for culture and genetic manipulation of C. elegans were as previously described (Brenner, 1974) . Wild-type animals were the variety Bristol, strain N2. Experiments were performed at 20 8C unless otherwise indicated. The reference for genes and alleles used is (Riddle et al., 1997) unless otherwise indicated:
LGI: him-2(e1065), pry-1(mu38) (Maloof et al., 1999) , sem-4(ga82) (Eisenmann and Kim, 2000) , smg-1(e1228), unc-13(e450).
LGII: cwn-1(ok546)(C. elegans Gene Knockout Consortium), let-23(sy1), lin-31(n1053), mig-14(ga62) (Eisenmann and Kim, 2000) .
LGIII: lin-12(n137n460), lin-39(n1880), pha-1(e2123).
LGIV: dpy-20(e1282),egl-20(n585), eor-1(cs28) (Rocheleau et al., 2002) , let-60(n1700), lin-1(e1777), lin-45(n2018), unc-5(e53), unc-30(e191).
LGV: him-5(e1490), lin-25(e1446).
LGX: bar-1(ga80) (Eisenmann and Kim, 2000) , eor-2(cs42) (Rocheleau et al., 2002) , lin-15(n765ts). deIs1 and deIs4 indicate integrated arrays containing the translational and the transcriptional lin-39::GFP constructs respectively (see below).
Generation of transcriptional and translational lin-39::GFP constructs
The two lin-39::GFP constructs were built using homologous recombination in yeast with a YAC containing the entire lin-39 genomic sequence. In the translational fusion, GFP coding sequences were fused in frame with the lin-39 coding sequences immediately upstream of the lin-39 stop codon. In the transcriptional fusion, GFP was inserted after the lin-39 ATG. Briefly, for each construct, two lin-39 DNA fragments of approximately 600 bp flanking the region where GFP was to be inserted were amplified with primers that introduce HindIII-NotI (soe27/soe28 and soe31/soe32 for transcriptional and translational reporters respectively), and NotI-SacII (soe29/soe30 and soe33/soe34) restriction sites. These fragments were cloned together into pBLUESCRIPT yielding pBS3134 and pBS2730 (translational and the transcriptional constructs respectively). A GFP::sup4 o cassette containing NotI ends (gift of Craig Mello) (Rocheleau et al., 1999) was cloned into pBS3134 and pBS2730 using the NotI restriction site between the lin-39 flanking fragments, creating pBS3134GFP and pBS2730GFP. The GFP::sup4 o cassette consists of GFP DNA with the sequence coding for sup4 o , a yeast tRNA suppressor, inserted in GFP intron 3. Site directed mutagenesis (QuikChangee-Stratagene) was used to incorporate two stop codons at the end of the GFP sequence in pBS2730GFP (pBS2730M2GFP) using the primers soe35 and soe36. The linear HindIII-SacII fragments from pBS2730M2GFP and pBS3134GFP were transformed separately into a yeast strain containing the YAC Y69F12. Selection for the insertion of GFP into the YAC was performed on SC-Trp, Ura, Ade plates, since incorporation of sup4 o will suppress the ade2-1 mutation in the yeast genome. PCR screening and DNA sequencing was used to confirm the correct insertion of GFP in two strains, y2730M2GFP and y3134GFP.
Oligos: soe27: AAGCTTGGTTTCAATTATATGTGCCCAGG soe28: GCG GCC GCCATCTGGAGTGAAAACGAGTG soe29: GCGGCCGCGACCACATCAACATCACCGTCATCC soe30: CCGCGGGAAGGTTGTCAAAAGTGCGGC soe31: AAGCTTCAAAATCGACGAATGAAGCAC soe32: GCGGCCGCGAATTGATTGAAAAGTGGGAACCGG soe33: GCGGCCGCGTAGTTACTTGCCATTTTATATTTTGAG soe34: CCGCGGGGCGAAATAAATTGCAGCCACTCC soe35: GCCGCGACCACATGAACATGACCGTCATCCACAGATGC soe36: GCATCTGTGGATGACGGTCATGTTCATGTGG TCGCGGC
Generation of deIs1 and deIs4 strains
Transgenic worms were obtained using standard DNA microinjection techniques (Mello and Fire, 1995) .
4.3.1 deIs1: unc-30 (e191), lin-39 (n1880), and pha-1(e2123) worms were each microinjected with purified total yeast DNA containing y3134GFP (100 ng/ml). The unc-30 (C) plasmid pSC11 (100 ng/ml) (Jin et al., 1994) , the ajm-1::GFP plasmid pJS191 (20 ng/ml) (Mohler et al., 1998 ) and the pha-1(C) plasmid pC1 (100 ng/ml) (Granato et al., 1994) were used as co-injection markers respectively. We obtained independent lines showing a similar GFP expression pattern in all cases. A g-ray source was used to integrate the extrachromosomal array in unc-30 (e191) Ex [lin-39TL::GFP; unc-30(C)] using standard methods. Three independent integrants were obtained and deIs1 was obtained after backcrossing one integrated line five times. When viewed by microscopy, the GFP fluorescence from deIs1 is nuclear localized, barely visible to the human eye, and photobleaches quickly.
4.3.2 deIs4: dpy-20 (e1282) and smg-1(e1228) worms were each microinjected with purified total yeast DNA containing y2730M2GFP (250 and 100 ng/ml respectively). The dpy-20 (C) plasmid pMH86 (80 ng/ml) (Sundaram et al., 1996) and, the ajm-1::GFP plasmid pJS191 (20 ng/ml) (Mohler et al., 1998) were used as co-injection markers. We obtained one independent line for dpy-20 and one for smg-1 that showed a similar GFP expression pattern, A g-ray source was used to integrate the extrachromosomal array in dpy-20 (e1282) Ex [lin-39TN::GFP; dpy-20(C); ajm-1::GFP(C)] animals. Eight independent integrants were obtained showing a similar pattern of GFP expression. deIs4 and deIs5 were generated by backcrossing two integrated lines ten times. When viewed by microscopy, the GFP fluorescence from deIs4 is cytoplasmically localized, faintly visible to the human eye, and photobleaches quickly. The GFP fluorescence in smg-1; deIs4 animals is brighter, more visible, and more stable.
Analysis of strains containing the lin-39::GFP constructs
Animals were analyzed at different developmental time points (expressed as hour post-hatching) by synchronizing worms by L1 starvation (Wood, 1988) and examining the size of the VPCs. The time points 'before vulval induction' (approximately 4 h prior to the division of the VPCs at 20 8C) and 'after vulval induction' (approximately 1 h prior to the division of the VPCs at 20 8C) were established by preliminary observations of the size of the VPCs, the morphology of the gonad, the time of division of the VPCs, and the time of lin-39 upregulation. Due to differences in growth rate of various strains, some animals were analyzed at earlier or later time points than others, as indicated in the text. GFP expression was analyzed using Nomarski differential interference contrast optics and fluorescence microscopy on a Zeiss Axioplan 2. GFP expression in live animals was observed with a Nikon DXM 1200 digital camera and was analyzed and recorded with the Act-1 program (Nikon).
The analysis of GFP expression in the VPCs was semi-quantitative. The intensity of GFP expression in each VPC in live animals was assigned a numerical value of 0 (no expression), 1 (low expression), or 2 (high expression). A minimum of 30 animals per time point was analyzed. The average of GFP expression and the standard error were calculated for individual cells at each developmental time using SAS software (version 8.0; SAS Institute Inc). The data was statistically analyzed by generating contingency tables of 2!3 with the rows representing the developmental time (before and after vulval induction), and with the columns representing the level of GFP expression (0, 1, or 2). The contingency tables were analyzed using the program Mathsnet (www.mathsnet.net). P values are derive from a c 2 test comparing the frequencies obtained from the contingency tables.
LIN-39 purification, in vitro kinase assay, and Western blot
The pRSET vector pJKL430, containing a lin-39 cDNA (gifts of J. Liu and A. Fire) was used as a template for site directed mutagenesis (QuikChangeeStratagene) to alter the DNA sequence encoding the two LIN-39 phosphorylation and the MAP kinase docking sites. His-tagged versions of wild type and mutant LIN-39 proteins were produced using BL21-Codon Plus cells (Stratagene). Cells were grown to an OD of 0.6-0.8, induced with 1 mM IPTG for 3-4 h, and lysed in buffer A [8 M urea/10 mM Tris-HCl (pH 8.0)/100 mM NaH 2 $PO 4 /20 mM BME/30 mM imidazole]. Proteins were purified on a Superflow Ni 2C -NTA column (Qiagen) via FPLC (BioRad BioLogic HR Workstation), renatured on the column using a linear gradient of buffer B (500 mM NaCl/20 mM Tris HCl (pH 8.0)/20% glycerol), and eluted with buffer E [250 mM imidazle/300 mM NaCl/50 mM NaH 2 $PO 4 (pH 8.0) plus protease inhibitors]. 6His-LIN-39 was stored in 50% glycerol at K20 8C. Proteins are greater than 80% pure based on Coomassie staining.
For the in vitro kinase assay, 500 ng of wild type and mutant 6His-LIN-39 proteins were incubated with five units of activated Erk2 MAP kinase (New England Biolabs) in the presence of 10 mCi of ATPg 32 P in a total volume of 30 ml at 4 8C for 2 h. Proteins were resolved in a 15% SDS-polyacrylamide gel and transferred to nitrocellulose membranes, which were exposed to film for 72 h. After exposing the membranes, we continued with a Western blot using anti pentaHis antibody (Qiagen) over night at 4 8C. As a control, we showed that Erk2 also phosphorylated the mammalian Ets protein Elk1 (New England Biolabs). To quantitate the percent incorporation (Fig. 1) , images were scanned on a Phosphoimager. Percent incorporation is calculated as 100(B/A), where BZK mut KK C /W mut KW C , and AZK WT KK C /W WT KW C (K, kinase assay value; W, Western blot value; mut, Zmutant protein; WT, wild type protein; C, control lane).
